To complement the meteorological modeling of the melting layer, a model of the scattering properties at microwave frequencies for snow, melting snow, and rain is implemented. The scattering model, running in tandem with a meteorological model, generates the reflectivity fields associated with the hydrometeors in the model to facilitate comparisons with available observations. Several existing and a few new approaches for the scattering of melting snow are attempted. In addition, the models are run using several relationships for the density of snowflakes as a function of their size.
Introduction
Considerable efforts have been made to quantify the physical processes in the melting layer because of their influence on dynamics (Szyrmer and Zawadzki 1999, and references therein) . But measurements of most of the needed meteorological quantities are difficult to make in the melting layer over large regions and are generally limited to narrow corridors thanks to aircraft penetrations (e.g., Willis and Heymsfleld 1989; Stewart et al. 1996) . One of the rare parameters available over large regions is radar reflectivity, which has a complex dependence on the hydrometeor size distribution, morphology of the melting snowflake, and precipitation rate. However, if radar observations can be reproduced correctly by numerical models, then we should have good confidence that both the melting process and the physics of scattering of melting snowflakes are reasonably emulated.
Many radar models of the melting layer, or bright band, exist, as they each used different approximations for the scattering and the morphology of melting snowflakes. The first attempt was made by Aden and Kerker (1951) , who tried to model the melting snowflake as an ice sphere surrounded by a water shell. In this model, the density of the ice sphere remains constant, though its size diminishes as melting progresses and a water film grows around it. A more recent variation of this approach uses an ice-air mixture or ''snow'' sphere in the center (Dissanayake and McEwan 1978; Meneghini and Kozu 1990; Hardaker et al. 1995) . Another popular class of models uses the assumption that melting snow is a mixture of water and snow (or a mixture of water, ice, and air), and that one of the two (or three) elements is in the form of randomly oriented elliptic inclusions inside a matrix of the other. With this approach, the density m of the melting snowflake is uniform and varies with the melted fraction f as
where s and w are the density of dry snow and rain, respectively. Such an approximation permits a relatively easy computation of the scattering properties of the melting hydrometeor (Bohren and Battan 1982) and allows for many different variations depending on which element is in the form of inclusions inside which matrix (Bohren and Battan 1982; Klaassen 1988) . The consequence of these many approaches is that there are as many predictions of the radar characteristics of the melting layer. Although some approaches are more justifiable physically than others, it has been extremely dif-
ficult to determine which one was the most appropriate because of the lack of good long-term data with which to compare the models.
Recently, Fabry and Zawadzki (1995) processed several seasons of vertically pointing radar data and several cases of wind profiler data to derive average brightband statistics as a function of the reflectivity factor in rain, or the rainfall rate. This analysis provides a benchmark against which to compare the various models. Predictions that can be tested include the shape and intensity of the brightband signature associated with melting, as well as the Doppler spectrum of fall velocities. Since these statistics were derived over long periods, the models must reproduce them using only reasonable average values for snow density, fall speeds of hydrometeors as a function of size, and hydrometeor size distributions. In this work, we intend to test the predictions of six scattering models of the melting layer in order to determine which one, if any, provides the best predictions of brightband characteristics.
The brightband models
A brightband model is generally made of two models functioning in tandem: a melting model and a scattering model. The melting model describes the temperature and, occasionally, wind speed fields, the rate of melting of snowflakes, and the size distribution and fall speeds of hydrometeors. The scattering model quantifies the reflectivity factor of hydrometeors as a function of their size, the proportion of snow melted, snow and melting snow density, and the radar wavelength. In this work, we use the melting model described in the companion paper by Szyrmer and Zawadzki (1999) . This meteorological model implements a bulk microphysics module with four water categories (vapor, snow, melting snow, rain) in a nonhydrostatic fully compressible dynamic framework, with all the processes (dynamic, thermodynamic, microphysical) being fully coupled. From the model of Szyrmer and Zawadzki (1999) , we will use here the distribution with size of the melting snow particles, their density, and their fraction of melted water as a function of height. The various models described here hence will only differ in the way that they approximate the scattering properties of melting snow.
a. Existing models
The first model, numbered model 0, assumes that snowflakes melt as two concentric spheres, the inner one of snow and the outer one as water (for all six models, snow is modeled as elliptical ice inclusions in an air matrix). This is one of the most popular approaches; however, since in reality the melted water does not remain solely on the outer edges of the snowflakes, it is also one of the least defensible physically. Because the material with the highest refractive index (water) is on the outside, this model will likely predict the strongest reflectivity enhancement in the melting layer. The dielectric constant of ice and water at various microwave wavelengths are taken from Ulaby et al. (1986) while the code for the computation of backscattering and attenuation cross section of spherical particles used for all six models was obtained from Bohren and Huffman (1983) . For easier reference, the six snowflake morphologies are illustrated in Fig. 1 .
The second approach coded (number 1) was first proposed by Bohren and Battan (1982) to model melting hailstones: the dielectric constant of the whole hydrometeor is computed by assuming the melting hydrometeor to be composed of randomly oriented elliptical inclusions of ice (or snow) inside a water matrix. The average dielectric constant of the ice-water mixture is given by
where ⑀ a is the dielectric constant of the mixture, ⑀ m the dielectric constant of the matrix, ⑀ the dielectric constant of the inclusions, and f the volume fraction of the inclusions. Clog is the complex logarithm. This formula is first used to determine the dielectric constant of snow of density s with ice as the inclusion and air as the matrix, then a second time using snow as the inclusion and water as the matrix. Physically, this model suggests that the liquid water manages to enclose pockets of ice-air mixture; while this may make some sense for dense hydrometeors like hail, it is less satisfactory for snow. The third model (number 2), proposed by Klaassen (1988) , is a natural evolution of the previous one. It first uses ice as an inclusion and water as the matrix, which makes sense since water tends to surround the ice during melting. Then the wet ice mix is used as the matrix, with air as the inclusions, based on observations of melting snowflakes by Fujiyoshi (1986) suggesting that air bubbles are trapped in the melting ice.
The first three models have the water either completely on the outside (concentric spheres) or more concentrated toward the outside (water as the matrix in model 1, ice-water mix as the matrix in model 2). A variation on the Klaassen model is to simply use the ice-water mix as the inclusion inside an air matrix (model 3). In terms of physical concept, this model may be as defensible as the previous one. It will also be useful to see the difference occurring by exchanging the members of an inclusion-matrix pair.
b. Snowflake density and size: A gedankenexperiment
Available measurements of density in snow (Magano and Nakamura 1965; Locatelli and Hobbs 1974; Mitchell et al. 1990) show the considerable variability of snowflake density with crystal habit. However, these
Pictorial description of the approximations of melting snowflake for scattering computation purposes in the six brightband models. Black represents ice, gray is for water, and white for air.
works suggest that the density of the snowflake decreases with size. Based on the work of Magano and Nakamura (1965) , if one studies dry snowflakes only, density is roughly proportional to where D s is the Ϫ1 D s real diameter of the snowflake. When considering the melted diameter of the snowflake, a simple calculation shows that this translates to density being proportional to D Ϫ1.5 . For heavily rimed snowflakes (graupel), the decrease of density with size is significantly less pronounced.
How can snowflake density decrease with size? Let us imagine a spherical snowflake growing by capturing similar sized spherical snowflakes. If this snowflake attaches itself to a layer of similar snowflakes, its radius will increase by a factor of 3 (one additional diameter around the original radius). For density to be conserved, the new supersnowflake would have to be composed of 3 3 or 27 original sized snowflakes. This requires exquisite geometry, since snowflakes must fit exactly in the place reserved for them, and that is unlikely to occur in nature. A more likely scenario is that a smaller number of snowflakes than 26 will fit in the layer around the original one. If only eight new snowflakes fit in that new layer, then the density of the snowflake will decrease to 9/27 of the density of the original snowflake for a tripling of diameter. Using this numerical example, it can be found that the density would then follow .
Ϫ1
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This thought experiment suggests that not only snowflake density decreases with size, but that the density in the interior part of the snowflake is bound to be greater than the one in the exterior part. It is then reasonable to think of a snowflake as a particle whose density varies continuously from its center (with a density close to that of ice) to its edges (density tending toward that of air). This will likely have important effects on the scattering from a dry and melting snowflake: for example, since a greater proportion of the mass is confined in a small volume (considered for simplicity to be at the center of the snowflake), more of the melted mass will be closer to the center, resulting in smaller enhancements in the bright band than if it were distributed uniformly throughout the melting hydrometeor.
c. Additional models
Modeling of the scattering properties of hydrometeors whose density vary continuously throughout their radius is a complex task that is very time consuming numerically. As a first approximation, in an attempt to quantify how this approach would change results, the snowflake was assumed to be made of two concentric spheres of different densities. The transition point was arbitrarily chosen to be halfway through the snowflake in radius. It can be recognized that this approximation will not achieve the whole effect of a continuous transition, but it is sufficient for our purpose. If the density transition occurs at a radius ␣a s within a snowflake of radius a s , then VOLUME 56 
where sin and sout are the snowflake density inside and outside the transition region, respectively. Let us suppose that the average density of snowflakes varies with as suggested by measurements. Using our thought ␤ D s experiment as a guide, the density of snowflakes does not change by some kind of dilation of the crystals but simply due to the noncompact clumping of snowflakes. This implies that the inner core must have a density comparable to that of a snowflake of the size of the inner core. This results in
Combining (3) and (4), one finds
s out s 3
Ϫ ␣
As mentioned before, ␣ is set arbitrarily to 0.5 while measurements of snow density suggest ␤ ϭ Ϫ1. In cases when the computation of sin results in inner core densities greater than that of ice, ␣ is set such that the density of the inner core matches the one of pure ice.
Complications are added when melting proceeds. The density of the two layers, min and mout , originally starting at sin and sout , will both end up around 1 when the melted fraction f reaches 1. The rate at which the density changes in the outer layer is hence faster than in the inner one, which implies that ␣ slowly increases during melting. From (1), we find
m out
s out w which can be used to determine the new relative position of the density transition ␣ m in the melting snowflake:
with a being the melted radius of the hydrometeor. It should be noted that we are supposing that the melted fraction f is the same for both the inner core and the outer shell. From these ideas, two additional scattering models were implemented. The first one (model 4) is a modification of the {[ice inclusions in a water matrix] inclusions in an air matrix} model (number 3) with a break in snow density halfway through the snowflake. The second model (number 5) assumes that, in the inner core, there are enough intertwined melting ice crystals that they may be arranged in such a way that air bubbles are trapped between them; as a result, the inner core is modeled as air inclusions in a (ice inclusions in a water matrix) matrix (like in model 2), while the outer core remains like model 3. Based on the observations of Fujiyoshi (1986) of trapped air bubbles in the melting ice and the apparent gradual decrease in snowflake density with radius, it is believed that model 5 is the most realistic of the scattering models proposed and should lead to the best results. This morphology is also the one assumed in Szyrmer and Zawadzki (1999) for their description of melting snow particles.
d. The issue of snow density
As mentioned before, measurements of snow density show considerable variability. This is due to a combination of the many crystal habits of ice; the method of growth (accretion vs aggregation), which varies with temperature; as well as the difficulty of making such a measurement. The only number for which there is a consensus is the fact that, on average, snow on the ground has a density of 0.1 g cm Ϫ3 , or that 1 cm of snow on the ground corresponds to an accumulation of 1 mm of rain. Besides this, and the general decrease of density with snowflake size, there is very little certainty. Because of these uncertainties, a sensitivity study using six density-size relationships for snowflakes was made. These six density-size relationships are summarized in Table 1 , and plotted in Fig. 2. 
Results
The 2D meteorological model was run to reproduce two events, one with light stratiform rain (1 mm h Ϫ1 , 25-dBZ reflectivity factor in rain) and one with moderate stratiform rain (5 mm h Ϫ1 , 35-dBZ in rain). Snow in-
Dry snowflake density as a function of its size for the six density-size relationships used in this work.
tensities measured by a vertically pointing radar were input at the top of the model at rest (no wind, 99% relative humidity, moist-adiabatic lapse rate). Then, as snow fell, melting occurred, with the model generating the melting-induced dynamics (cooling and the resulting circulation in the melting layer) and microphysics (condensation, change in hydrometeor size distribution due to melting, etc.). Reflectivity and Doppler velocity were then computed based on the model-computed hydrometeor size distributions and compared with observations available from X-band (3.2-cm wavelength) and UHF (33-cm wavelength) radars. Two sets of observations were used for the comparison: the first set included the reflectivity and velocity measured for the actual cases that were used to initialize the snow amounts at the top of the model; the second was taken from long-term average profiles of reflectivity measured at X-band by Fabry and Zawadzki (1995) . The computed reflectivity changed significantly with the scattering model and the snowflake density used. For these two cases, the sensitivity to the scattering model and to the snowflake density was hence documented.
a. Sensitivity to snowflake morphology
To test the sensitivity to the scattering model, we used a single density-size relationship for snowflakes. The relationship s ϭ 0.015 derived from Mitchell et al.
Ϫ1
D s (1990) was chosen because it falls roughly in the middle of the various relationships found in the literature. The results of the scattering model calculations compared with observations are plotted in Fig. 3 for the light rain case and Fig. 4 for the moderate rain case.
The most striking result is the variability of predictions for the brightband peak intensity, as there is roughly 10-dB (or a factor of 10) difference between the strongest bright band (models 0 and 1) and the weakest ones (models 3 and 4). Small differences in the models, such as exchanging the matrix and the inclusions as in between models 2 and 3, result in very large differences in the vertical profiles of reflectivity obtained. Models 0, 1, and 2 have bright bands that are too intense compared to the measurements. Models 3 and 4 appear to be both on the low side, particularly at moderate precipitation rates. Model 5 gives the best results for reflectivity both at X-band and UHF wavelengths. However, it should be noted that for model 5, large changes in the shape of the reflectivity profiles can occur if the initial transition point ␣ between the strongly reflective inner core and the weakly reflective outer shell is changed. This is because the choice of ␣ not only dictates the ratio of the two densities but also the relative contribution of the two different scattering models used in the core and in the shell.
These reflectivity profiles are not strongly dependent on the melting model used: a similar computation of profiles of reflectivity was also done using the much simpler melting model of Hardaker et al. (1995) with
Profiles of reflectivity at two wavelengths and of Doppler velocity as a function of height from the top of the bright band for the six scattering models for the weak precipitation case (ഠ1 mm h Ϫ1 ). The model profiles (dashed and dotted lines) are contrasted with observations made during the event simulated (crosses) as well as average observations for this precipitation intensity (thick solid line). Initial snow density is assumed to follow s ϭ 0.017 . Observations were corrected for attenuation. essentially identical results. The meteorology half of our melting model appears reasonable, given that the modeled brightband thickness, relative brightband peak position, and Doppler velocity match measurements reasonably well. It therefore appears that radar measurements in the melting layer are best reproduced by using the scattering model that most accurately mimics the distribution of ice, water, and air in the melting snowflake. (and hence melting snow) density cause changes not only to the scattering properties of snowflakes, but also to their rate of melting via changes in the ventilation around the melting snowflake. As a result, some changes in brightband thickness, for example, can be expected. The results of these tests are plotted in Fig. 5 for the light rain case and Fig. 6 for the moderate rain case. Despite the very different snowflake density used, there is much less variability in the resulting profiles of reflectivity than was caused by changing the scattering model. For most of the density-size relationships, the reflectivity profiles are very similar; only for the two anomalously dense relationships are profiles of reflectivity significantly different. This does not mean that brightband peak intensity is independent of density, but rather that the various relationships of average snow density with size found in the literature all result in comparable bright bands. In addition, while this result is valid for the three models with relatively weak bright bands (models 3-5), larger sensitivity to density is observed for the models with strong bright bands.
b. Sensitivity to density
Conclusions
In this work, we attempted to further corroborate the meteorological model of the melting layer by Szyrmer and Zawadzki (1999) by adding a scattering module and comparing its predictions of radar reflectivity with available data. Because several approaches existed to model the radar bright band and none initially appeared to be clearly superior, we added a few more and compared all their predictions of reflectivity and Doppler velocity profiles with observations. In addition, there is no consensus in the literature on an average relationship between snowflake size and density; hence, we also studied the sensitivity of the brightband model predictions on the snowflake density relationship used.
Considerable variability is observed in the prediction of the brightband strength by the various models. Model 5, whose melting snow morphology is the most complex but the most similar to that of real snowflakes, best reproduces the available observations. The other published models predict bright bands that are too strong by about 5 dB (a factor of 3) while the predictions from the other two are too weak by about 5 dB. The model predictions are also found to be considerably less dependent on snow density than on scattering model. Other parameters more sensitive to the meteorological modeling of the melting layer, such as brightband peak height and Doppler velocity, are very well reproduced. It should be noted that average properties of the melting layer are successfully modeled using an average relationship for snow density to size as well as the most physically reasonable scattering model. As a result, we are reasonably confident that this successful comparison both corroborate the scattering as well as the meteorological models used in this study.
